Non-invasive Quality Control for Production Processes of Artificial Skin Equivalents by Optical Coherence Tomography  by Marx, Ulrich et al.
2212-8271© 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of Professor Mamoru Mitsuishi and Professor Paulo Bartolo
doi: 10.1016/j.procir.2013.01.026 
 Procedia CIRP  5 ( 2013 )  128 – 132 
 
 
The First CIRP Conference on Biomanufacturing 
Non-invasive Quality Control for Production Processes of Artificial 
Skin Equivalents by Optical Coherence Tomography 
Ulrich Marxa,*, Diana Pickerta, Andrea Heymerb, Robert Schmitta,c 
aFraunhofer Institute for Production Technology IPT, Steinbachstr. 17, 52074 Aachen, Germany 
bFraunhofer Institute for Manufacturing Engineering and Automation, Nobelstr. 12, 70569 Stuttgart. Germany 
 cLaboratory for Machine Tools and Production Engineering WZL, RWTH Aachen University, Steinbachstrasse 19, 52074 Aachen, Germany 
 
* Corresponding author. Tel.: +49-241-8904-418; fax: +49-241-8904-6418 .E-mail address: ulrich.marx@ipt.fraunhofer.de. 
Abstract 
The engineering of artificial tissue and organs is widely gaining relevance in biotechnological and biomedical research. Particularly 
by the law enforced reduction of animal testing, alternative methods need to be developed to simulate and test the effects of 
chemical substances on human organs. Regarding the branches for pharmaceuticals, chemicals and cosmetics most products need to 
be tested on penetration of the human skin tissue. As an alternative method to animal testing, skin equivalents (SEs) based on tissue 
engineering may be used to test the skin barrier function.  
In the framework of a large scale research project, we built a fully automated production process based on the adaption of manual 
laboratory protocols to carry out the biological process steps for the manufacturing of SEs. In a first step, keratinocytes are 
mechanically and enzymatic isolated from human foreskin biopsies. In a second process, the cells are cultivated in MTP format 
cultivation dishes und undergo a series of passages. In a last process step, the keratinocytes are concentrated and dispensed in 24 
well membrane based MTPs. Due to biological fluctuations in cell and tissue growth, the production process faces major challenges 
to control and process a vast variety in batch duration and timing. This results in a strong impact in the final tissue quality. For 
quality control in the manual process, histologies of the SEs are prepared followed by staining and microscopic imaging. To 
overcome this time intensive process, we developed a fully automated optical coherence tomography OCT system. OCT is a non-
invasive and non-destructive imaging technique based on the interferometric detection of optical light feedback from the probe 
tissue in the near infrared light. OCT generates 2D and 3D tomographic images with a micron resolution and a tissue penetration up 
to 2 mm. We developed custom image processing algorithms, to detect the individual layer structure and corresponding layer 
thicknesses. The OCT results show a high degree of correlation with the histological findings regarding structure and layer 
thicknesses. Further, we show in a first study a method to use this OCT layer detection technique as a potential substitution 
measurement to the ET50 test used for analyzing the in vitro skin barrier function.  
 
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Mamoru Mitsuishi 
and Professor Paulo Bartolo 
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1. Introduction 
With the aim of placing greater responsibility on 
industries when it comes to chemical substances the 
European Commission released in 2006 the REACH 
(Registration, Evaluation, Authorization and Restriction) 
regulation to protect human health through the better and 
earlier identification of the intrinsic properties of 
chemical substances. In many cases public and 
regulatory requirements force producers to utilize 
alternative methods to animal testing for analyzing new 
substances or products regarding their safety. The 
increasing demand for substituting animal testing in 
consumer product development has lead to a growing 
market for in vitro test systems. Here, a significant 
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number of product groups likely to get in contact with 
skin need to be tested regarding their effects on the 
human body. In vitro skin equivalents (SEs) may be used 
for irritation, penetration or toxicity tests (i.e.  OECD 
guideline for the testing of chemicals 431: “In vitro Skin 
Corrosion: Human Skin Model Test”) [1]. SEs are build 
up by keratinocytes undergoing a differentiation and 
proliferation process during the air-liquid-interface 
growth phase. On the basis of specialized growth culture 
condition, the SEs exhibit the four epidermal layers (fig. 
1) achieving one part of the requirements for using it as 
alternative for skin irritation test. 
Like most other tissue engineering processes, the 
built up of SEs based on primary human cells is a time 
consuming and complex manual process and results in a 
high demand for process automation. To face this 
challenge, we developed an automated production 
facility for SEs. The device is based on a 3 x 5m laminar 
flow unit with access through sterile benches. All 
process steps are automated starting from the isolation of 
cells from a biopsy to the air lift cultivation phase. The 
production unit allows to maintain very high standards in 
sterile production while the risk of contaminations are 
minimized. Another advantage in an automated 
production process, is the standardized protocol resulting 
in consistent growth conditions. 
Due to biological fluctuations of the cell growth and a 
strong variance in different cell charges, each SEs shows 
slightly different properties in layer structure, layer 
thickness, morphology and skin barrier function. This 
leads to a high demand in quality control at the end of 
production. Therefore, we developed a fully automated 
Optical Coherence Tomography (OCT) device which 
allows to generate high resolution cross sectional images 
of the SEs [2]. OCT is a tomographic imaging 
technology based on the detection of the reflected light 
signal from a probe. Due to the low energy of light used, 
OCT is non ionizing and operates non invasive. This 
leads to a major advantage over histologies, since by 
applying the OCT measurement, the SEs do not need to 
be cut up for histological analysis. We developed a 
custom image processing software to detect the layer 
structures and thicknesses. Here, the major challenges 
are the automated measurement process, as well as the 
automated image processing and evaluation of the OCT 
B-scans (2D cross sectional scan). To realize an 
automated measurement, we developed a new Fourier 
Domain OCT device coupled to a three axis translational 
stage system. With an automatic focus algorithm, we are 
able to generate multiple B-scans of SEs in an MTP 
format dish. 
2. Methods 
2.1. Growth process of skin equivalents 
 
Fig. 1. Histology of an SE. The SE exhibits the typical morphology 
with basal, spinous, granular and cornified epidermal layers. In the 
Stratum corneum a cutaneous barrier is formed to provide the barrier 
exhibiting properties [3] 
In order to provide the required cell material for cell 
proliferation and for the subsequent tissue structure 
build-up, skin cells are extracted from human foreskin 
tissue. First, the keratinocytes are isolated from the 
biopsy. A new automated process chain was developed 
comprising a combination of specific mechanical and 
enzymatic applications, focusing on high throughput and 
maximized efficiency while at the same time 
maintaining high cell vitality rates.  
The process starts with the manual preparation of the 
biopsy to remove the fatty tissue and blood vessels. The 
applicable biopsy is inserted in the automated process 
through the lock and the automated process starts by 
gripping the biopsy out of a tube and disposing it on a 
petri dish. Next an automated cutting process of the 
epidermal layer of the biopsy with a scapel blade 
provides enzyme (Dispase) access to the basale 
membrane (Stratum basale). After enzymatic digestion 
(4 hours at 37 °C) of the biopsy, the epidermis separates 
in small pieces from the remaining dermis tissue by 
vortexing. Subsequently, the epidermis pieces are 
isolated from the biopsy by a filtration process. After a 
second enzymatic digestion (Trypsin, 5 min., 37 °C) the 
epidermal tissue is isolated to single cells, the 
keratinocytes. The major difference in the isolation of 
keratinocytes between the automated process and the 
manual laboratory protocol lies in the  process of 
separating the two tissue layers (epidermis, dermis). In 
the manual laboratory process, the biopsy is cut up into 
small pieces for the over night enzymatic digestion at 4 
°C. In a next step, the epidermal layer is separated from 
the dermis by two forceps after enzymatic digestion [4].  
The primary keratinocytes are resuspended in specific 
cultivation media (Epilife, life Technologies, Germany) 
and transferred to the downstream process steps. The 
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process continues with the seeding and cultivation of the 
isolated primary cell in specific cell culture flasks in 
MTP format for automated handling. With an overall 
capacity of 350 flasks the cells are cultivated according 
to an optimized protocol which has been specifically 
adapted to the  fully automated process. Cell density, 
cell vitality and cell shape are continuously monitored 
throughout the entire cultivation process. Furthermore, 
potential contaminations are detected by regular, multi-
parametric measurements before and after media 
changes. In the case of a positive contamination status, 
the concerned flask (batch) is discarded and if necessary, 
a fully sterile system is restored by multi-level cleaning 
protocols. The cultivation protocol features a specific 
series of media exchange. After a defined cell density in 
the cell flask is achieved, the cells are being detached 
and transported to the last process step to build up the 
skin equivalents. 
Keratinocytes are seeded in Epilife medium in inserts 
with a 0,4 μm polycarbonate membrane. After one day 
of submers conditions the developing skin equivalents 
are lifted to air-liquid-interface (ALI). After culturing 
the SEs in ALI medium for 19 days, stratification is 
completed. 
2.2. Optical coherence tomography device 
The OCT technology is based on detecting the 
reflected light signal from the probe. In so called Fourier 
Domain OCT systems (FD-OCT) the basic setup is 
realized by a Michelson interferometer setup[5,6] in 
combination with a spectral detection of the light 
interference signal. Instead of using monochromatic 
light, a broadband light source is generally used. The 
reflected light from the probe interferes with the signal 
form the reference arm and is detected by a 
spectrometer.  
 
 
Fig. 2. Schematic view of the Optical Coherence Tomography OCT 
device. The Fourier Domain OCT is based on a fiber optical 
interferometer. The light is split by a 2x2 fiber coupler into a reference 
beam and a probe beam. A galvo scanner is used to generate the OCT 
B-scans. The probe is mounted on an xy-axis translational stage. The 
scan head is mounted to a z-axis for the focusing process. The 
interference of the probe and reference beam is detected with a 
customized spectrometer 
For this application, we build a fiber optic FD-OCT 
system. The two central specifications of OCT devices 
are the optical output power and spectral width of the 
broadband light source. Here, we chose a 
superluminescence diode by Superlum LTD (Russia) 
with a central wavelength at 840nm and a FWHM 
spectral band of 64nm (total spectrum width ~110nm). 
To realize a high penetration in the probe, the optical 
output power of the light source is 15mW. With this 
setup, we realized an axial resolution of about 7μm in 
air.  
We used a 2x2 fiber coupler as a Michelson 
interferometer with a division ratio of 50:50. This allows 
the maximum feedback from the probe into the 
spectrometer. For scanning the probe, a galvo scanner by 
Cambridge Technologies (USA) was used, capable of 
performing 64k positions per second. The B-scan width 
was set to 8mm and the point of the OCT beam adjusted 
to 40mm.  
The OCT signal is obtained by a high precision 
grating spectrometer. We used a 1200 lines/mm grating 
and an achromatic lens setup to project the spectrum of 
about 110nm on a single line CCD camera chip. To 
achieve a total scanning depth of about 3 mm a 2048 
pixel CCD camera ATMEL, AVIIVA (USA) was used. 
The controlling and processing software was developed 
in LabVIEW (National Instruments) and C++ code. 
2.3. Detection of interfaces by image processing 
The quality of SEs is defined by the characteristic 
behavior in the ET50 test. Beside the measurement data 
results, geometric properties of an intersection of the 
SEs may be taken into account. One central criteria for a 
good quality is the layer structure of the SEs. Therefore, 
the individual layer thicknesses need to be detected. The 
skin layers differ in terms of water concentration 
resulting in a strong variance in OCT signal feedback. 
Taken this into account it is possible to detect the well 
membrane, the layer of keratinocytes and cornified 
epidermal layer just by image processing. 
The algorithm applied is based on a combination of 
standard image processing tools and novel approaches 
focusing of processing the A-scan OCT data. In a first 
step, contrast, brightness and gamma of the B-scan is 
adjusted and the region of interest is detected to reduce 
processing time. For detection of the surfaces a Gaussian 
filter is applied removing undesired noise not blurring 
out any details. The top surface of the SE is detected by 
transforming the modified B-scan in a binary image and 
scanning each A-scan from top down to the first white 
pixel. All values are stored in a  2D array containing the 
(x,y) coordinates of the surface. The bottom surface of 
the SE is detected in the same manner processing the A-
scans from bottom to top. The membrane layer is 
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detected by processing the A-scans from the bottom 
layer and moving up to the first black pixel to find. For 
the intermediate layer a combination of erosion and 
dilation filters are applied. This allows to detect the 
interface between the hornified and granular layer. The 
image processing operations were realized by utilizing 
the NI Vision package.   
2.4. Measurement process 
The automatic quality control in the tissue production 
unit is performed after the completion of the SE 
cultivation process. The central handling robot receives 
the microtiter plate (MTP) from the incubator and 
transports the SE to OCT device. The MTP is placed in a 
defined holding position mounted on the xy-transition 
stage. The axis have a repeatability of about 1 μm. With 
this x,y-combination, it is possible to perform OCT  
measurements in a region of 850x1350mm. Since the SE 
show a strong variation in height, a further axis for the z-
focus was needed. Therefore, the scan head is mounted 
to a third axis allowing a z-scanning range of 850mm. 
For each scan, the axis position the center of the well 
under the OCT scan head and the z focus process is 
initiated. To move the surface in the focal region, during 
scanning, five central A-scans are processed and the 
most prominent peak is detected while approaching the 
scan head to the probe. Once the top surface of the SE is 
detected, the z-axis moves the scan head to the optimal 
focal position.  
Right after the scanning of the MTP is finished, the 
processing sequence is initiated. Afterwards the 
histological analysis and barrier function test (ET50 with 
MTT assay) are done. 
The ET50 is determined routinely for each batch of 
the SE for the barrier properties. That means the barrier 
function is measured of specific time point during 
irritation test. For the barrier function test 1% TRITON-
X-100 solution (Sigma, Germany)  is used over a period 
of time up to 6 hours. Using an endpoint determination 
by the MTT assay to measure the keratinocytes viability 
of the basal layer [7,8]. Therefore, each treated SE were 
incubated in 1mg / ml MTT (3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide, Sigma, Germany) 
over 3 hours at 37 °C in a CO2 incubator. After 
incubation the produced formazan is extracted by 2-
porpanol over night at 4°C. Determining the amount of 
formazan in a triplicate measurement of the extinction 
(optical density, OD) at a wavelength of λ=570 nm in a 
spectrophotometer. The SEs have to be fulfil the 
requirement of a 50 % viability over 3 hour treatment.  
The SEs were fixed in 4% formalin solution (Roti-
Histo-Fix, Roth, Germany) and then cut into halves, 
automatically dehydrated by an embedding machine and 
embedded into paraffin. This paraffin block with the SEs 
were cutted into 3 μm sections, mounted onto 
microscope slides and stained with hematoxylin-eosin 
(HE) along the standard protocol. 
 
3. Results 
3.1. Automatic detection of the layer structure 
 
Fig. 3. left: a) and c) show the histological images of SEs with the 
corresponding right: OCT image b) and d). The results of the 
automatic layer detection algorithm are indicated by the colored lines 
and show a high degree of correlation with the histological findings.   
Automatic OCT measurements were performed for a 
broad spectrum of different batches within the last year 
followed by the preparation of the histology. As seen in 
figure 3, the OCT tomograms show a strong correlation 
with the histologies. The individual layer structure is 
well visible. Once the image processing algorithms are 
applied, the layer structure is automatically detected. 
Indicated in the OCT images, b) and d), the interfaces 
between the different layer structures are marked by the 
overlaid lines.  Due to the preparation process of the 
histologies, in some cases as seen in fig. 1 c), the 
cornified epidermal layer detaches from the cellular 
structure.   
3.2. Correlation of histology and OCT tomogram 
One central aspect to the quality of the SE is the 
individual skin layer thickness. To evaluate the precision 
of the tomographic OCT layer thickness measurement a 
comparison between histologic layer thickness and OCT 
layer thickness was generated. Figure 4 shows the 
correlation of the OCT and histologic measurement of 
the epidermal keratinocytes layer of 30 different probes. 
The precision of this measurement is strongly effected 
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by the change of the morphology during histological 
preparation of the probe.  As indicated by the blue dotted 
line in figure 4, both measurements correlate adequately. 
 
Fig. 4. The OCT measurement of the layer thickness of the second 
layer correlates with the microscopic measurement of the histological 
images 
3.3. Correlation of layer thickness and ET50 test 
Currently the gold standard for evaluation of the SE 
quality is the ET50 test. Since the test is a strong 
indicator for the time needed that substances need to 
penetrate the barrier function we tested the correlation 
between OCT layer thickness measurement and ET50 
test time. Therefore, we  performed OCT measurements 
and ET50 tests for different cell batches. Table 1 shows 
the results of the different batches measured. As shown 
in this first study, the ET50 test strongly correlates with 
the first layer thickness detected. 
Table 1. ET50 and OCT measurement 
batch ET50 [h] first layer[μm] full SE [μm] 
11_012_IPT 2,06 24,3 86,0 
12_078 2,19 27,4 82,7 
12_077 2,41 32,0 86,8 
12_079a 2,53 32,9 99,6 
12_085 4,02 48,9 107,1 
4. Conclusion & Discussion 
In this study an alternative method for the process of  
quality control in the automatic production of SEs is 
presented. Therefore, we developed an automatic OCT 
device that generates 2D tomographic high resolution 
images of the SEs. The OCT measurements strongly 
correlate with the histological findings in structure and 
morphology. With the image processing software the 
layer detection of the membrane, layer of keratinocytes 
and cornified epidermal layer was realized. Due to 
morphological chances in the preparation process of the 
histologies and correlating the right image plane, the 
precision in the comparison of the histological findings 
and OCT layer structure thickness is limited.  
As shown in this first study, the layer detection by 
OCT of the SEs strongly correlates with the ET50 
measurements. To evaluate this finding, further 
systematic studies of this correlation are initiated.  To 
improve the OCT measurement data consistency, we 
plan to expand the measurement to an 3D-OCT scan to 
monitor the entire SE internal structure.  
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